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Abstract: Characteristics of microwave photonic signal generation based on P1 dynamic in 
an optically injected vertical-cavity surface-emitting laser are studied systematically. The 
evolutions of the linewidth, power and second harmonic ratio of the generated microwave are 
investigated as a function of injection strength and frequency detuning. The effect of optical 
feedback on the linewidth and the phase noise of the generated microwave photonic signal is 
also studied in detail. With the help of optical feedback, the linewidth can be effectively 
reduced by increasing the feedback strength and feedback delay time. However, there is an 
optimal feedback delay time to minimize the phase noise.  
© 2020 Optical Society of America  
1. Introduction 
Microwave photonic signal generation technologies have gained considerable attention 
because of potential applications in broadband wireless access networks, sensor networks, 
radar, satellite communications, instrumentation, and so on. The technologies for generating 
microwave photonic signal can be categorized as direct modulation, optical heterodyne 
technique, external modulation, mode-locked semiconductor lasers, optoelectronic oscillator 
and the period one (P1) oscillation [1]-[6].  
Semiconductor lasers with external optical injection can exhibit various dynamics states, 
for instance, stable locking, P1 oscillation, period-two oscillation, quasi-periodic oscillation 
and chaos fluctuation. Among them, the P1 dynamic occurs when stable locking is broken 
and the system starts to experience Hopf-bifurcations [7], in which two dominant frequencies 
are induced, one stems from the optical injection, while the other one is the red-shifted cavity 
frequency. Obviously, a microwave photonic signal can be generated by utilizing the beating 
of the two dominant frequencies in the P1 dynamic. Compared to other techniques, 
microwave photonic signal generation based on P1 oscillation has many advantages, such as 
a nearly single sideband (SSB) spectrum, low cost, all-optical components configuration, and 
widely tunable microwave frequency far from its relaxation resonance frequency [8], [9]. 
Microwave photonic signal generation based on P1 oscillation has mainly been investigated 
in distributed feedback (DFB) lasers [4], [7], [9], [10]. There have also been some reports 
using quantum dot lasers [11]-[13].  
Vertical-cavity surface-emitting lasers (VCSELs) have many desired features, such as 
circular beam profile, single-longitudinal mode operation, ease of fabrication, low power 
consumption and low-cost, therefore could be an excellent candidate for microwave photonic 
signal generation [14]. Quirce et al. predict that microwave photonic signal can be generated 
using a multi-mode VCSEL subject to two frequency orthogonal optical injection [15]. In 
2015, 20 GHz microwave photonic signal was obtained using double-beam orthogonal 
optical injection in a single-transverse-mode VCSEL [16]. Lin et al. also experimentally 
achieved microwave photonic signal in a multimode VCSEL subject to orthogonal optical 
injection [17]. Our team has recently experimentally demonstrated tunable-frequency 
microwave photonic signal generation utilizing single-mode VCSEL’s P1 oscillation [18].  
Despite many advantages of microwave photonic signal generation based on P1 
oscillation, it does not come without the disadvantages. The inherent phase noise in the 
nonlinear P1 oscillation due to the spontaneous emissions harms its applications. For 
instance, the phase noise can reduce the signal-to-noise ratio in communications [19]. The 
phase noise can also increase the linewidth of the generated microwave, which affects the 
performance in radio over fiber (RoF) applications and the maximum detection range in 
Doppler velocimeters [20], [21]. To solve this problem, many methods have been introduced, 
such as using double-locking with a microwave source [12], [22], [23], optoelectronic 
feedback [24], [25] and optical feedback [9], [26]-[28]. Among all of these schemes, optical 
feedback is a simple and low-cost method to reduce the phase noise and linewidth. The use 
of optical feedback to reduce phase noise and linewidth has been theoretically and 
experimentally proven in DFB lasers. Using double optical feedback to narrow the 
microwave photonic signal linewidth has also been experimentally demonstrated in a VCSEL 
[29]. In addition, fluctuations in the power and frequency of the injected laser lead to 
significant microwave frequency jitters, which seriously affects the applications of 
microwave photonic signal generated based on P1 oscillation. The scheme of optical 
modulation sideband injection locking has been proposed and experimentally demonstrated 
to stabilize the microwave photonic signal [30]. We also recently experimentally study the 
stabilization of microwave photonic signal generation based on P1 oscillation in a VCSEL 
with optical feedback [31]. 
However, to the best of our knowledge, the quantitative characterization of microwave 
photonic signal generation using the period-one oscillation of a VCSEL, including linewidth, 
phase noise, power and second harmonic ratio (SHR), has not been theoretically studied. In 
this work, the microwave photonic signal generation based on P1 oscillation of VCSEL with 
optical injection and feedback is systemically investigated. The paper is organized as follows. 
The theoretical model is described in Section 2, followed by the numerical simulation results 
in section 3. Finally, we summarize the results in section 4.  
2. Theoretical Model 
The dynamics of optically injected VCSEL with two optical feedbacks are fully described by 
the temporal evolution of the complex optical field and the charge carrier density. Here, the 
most common spin-flip model for VCSELs is adopted to simulate the complex electric field 
E, the total carrier density N, and the difference between the carrier densities with opposite 
spin values n [30]-[32], which are described as: 
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where the subscripts x and y stand for the X and Y polarizations of the VCSEL, respectively. 
α is the linewidth enhancement factor; γa is the linear dichroism; γp is the linear birefringence; 
γe is the decay rate of the total carrier population; k is the field decay rate; γs is the spin-flip 
rate; ηx and ηy are the injection strength into the X and Y polarization direction, respectively; 
Einj is the injection field amplitude. fo = (fx + fy)/2 is the center frequency of the free running 
VCSEL, where 2πfx =2πf0+ αγa- γp and 2πfy = 2πf0+γp - αγa are the frequency of the X and Y 
polarization components, respectively. finj is the injection frequency. The frequency detuning 
Δf = finj - f0; ξ1 and ξ2 are the feedback strength of each feedback cavity; τ1 and τ2 are the 
feedback delay times of feedback loop 1 and 2, respectively; μ is the normalized bias current. 
Moreover, the spontaneous emission noise rates R+ and R- are also taken into account in our 
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where βSF is the coefficient of spontaneous emission and GN is the differential gain. As for 
the fluctuations of spontaneous emission, the complex Gaussian noise terms ϑ-(t) and ϑ+(t) 
have a mean of zero and variance of one and are given by 
 
*( ) ( ) ( )i j ijt t t tϑ ϑ δ δ′ ′= −                                             (6) 
 
In the simulation, only in-phase optical feedback is considered to simplify the 
investigation. For the sake of simplicity, the Gaussian noise terms are assumed to has finite 
variance, and the fourth order Runge-Kutta integration method is used to numerically solve 
equations (1)–(4), where a temporal resolution of Δt = 1ps is selected and the duration of the 
time series is 100 μs. The parameters listed in Table 1 are used in the simulation. These 
parameters are extracted from the experimental results [32]. With these typical parameters, 
the VCSEL works in the Y-polarization. Parallel injection (ηx =0 ns
-1 and ηy ≠0 ns
-1) is 
considered and ηy is labeled as η. It is worth mentioning that in order to simulate the 
linewidth observed in the experiment [31], a relatively large spontaneous emission 





Table 1. Summary of the parameters 
Parameter names Symbol Value 
Linewidth enhancement factor α 2.8 
Line dichroism γa 5 ns
-1 
Line birefringence γp 16 ns
-1 
Decay rate of the total carrier population γe 2.08 ns
-1 
Field decay rate κ 33 ns-1 
Spin-flip rate γs 2100 ns
-1 
Injection filed amplitude  Einj 1 
Normalized bias current μ 2 
Coefficient of spontaneous emission βSF 1×10
9 
The differential gain GN 2.152×10
4s-1 
The transparent carrier number Nt 9×10
6 
Center frequency of the VCSEL f0 193.55THz 
 
3. Microwave photonic signal generation 
3.1 Optical injection only 
The P1 oscillation in a VCSEL subject to optical injection is utilized for the microwave 
photonic signal generation. For the case of optical injection only, the characteristics of the 
generated microwave including the linewidth and frequency are mainly determined by the 
injection parameters (Δf, η). To gain an insight into the evolution of the characteristics of the 
microwave signal versus the injection parameters, the linewidth and frequency are examined 
firstly in this section. In this work, the linewidth is calculated by smoothing and a Lorenzian 
fitting. As shown in Fig.1, the color region corresponds to the P1 oscillation regime. The 
microwave frequency increases with an increase of the injection strength and the absolute 
frequency detuning. By properly setting the injection parameters, the generated microwave 
frequency can be much higher than the frequency shown in Fig. 1. In terms of the microwave 
linewidth, there is an evident linewidth narrowing region located in the area of small 
injection strength and small frequency detuning. Unfortunately, it only covers a small range 
of microwave frequency. The closer to Hopf-bifurcation, the wider the linewidth is, 
especially for case with strong injection strength. The other area in the P1 region holds a 
similar medium linewidth of about 5MHz. It is noted that the medium linewidth region 
covers a much wider range of the microwave frequency, which is different from that in DFB 
lasers [21]. It has also been reported that some specific operating points near this low 
linewidth region are less sensitive to perturbations [33]; however, this phenomenon is beyond 
the scope of this paper. 
 
Fig. 1.  Linewidth and microwave frequency (dash line) as a function of injection strength and frequency detuning. 
The power of microwave is also a key parameter used to evaluate the generated 
microwave signal. The power of the microwave signal here is defined as the peak power at 
the fundamental frequency in the power spectum. Fig. 2 shows the microwave power as a 
function of the injection parameters. Similar to the linewidth, there is a region with relatively 
high power located at the small injection parameters area, which corresponds to a relatively 
low fundamental frequency. It is worth mentioning that there is a special range of injection 
parameters (the area is drawn by a black line), where relatively high microwave powers are 
obtained with a broad range of the microwave frequency. Outside this range, the power 
reduces gradually. In Fig. 1, there are some small regions in the weak injection strength areas 
where a relatively narrow linewidth can be achieved with a large frequency detuning, but the 
microwave power is low in these regions, as shown in Fig. 2. 
 
Fig. 2. Power and microwave frequency (dash line) as a function of injection strength and frequency detuning. 
 
Fig. 3.  SHR and microwave frequency (dash line) as a function of injection strength and frequency detuning. 
Second harmonic ratio (SHR) as a function of the injection parameters is also studied. 
Here, the SHR is defined as the power ratio of the power at the second harmonic frequency to 
the power at the fundamental frequency. The results in Fig.3 illustrate that a high SHR region 
is located in a region of lower microwave frequency. With the increase of microwave 
frequency, the SHR drops. Moreover, there is also evidence of lower SHR located at the low 
power area indicated in Fig.2. To some extent, the higher SHR area coincides with the higher 
microwave power area. As the second harmonic is undesired in the single frequency 
microwave source, there is a trade-off between the higher microwave power and lower SHR. 
 
 
Fig. 4. Optical spectra (left column) and RF power spectra (right column) of the VCSEL with different injection 
parameters, (a) Δf =7.546 GHz, η=20 ns-1, (b) Δf =7.546 GHz, η=40 ns-1, (c) Δf =17.546 GHz, η=40 ns-1. 
In order to explain the evolutions of power and SHR, the optical and RF power spectra 
are studied. Fig. 4(a) shows the case with injection parameters of Δf =7.546 GHz and η=20 
ns-1. The largest four frequency components in the optical spectrum are named f1 to f4 from 
the left to the right, as labeled in the figure. f2 and f3 are the red-shift cavity resonance 
frequency and injecting frequency from the master laser, respectively. The fundamental 
microwave frequency at 7.55 GHz with a linewidth of 4.2 MHz and a power of -17.3 dB 
shown in Fig. 4(a2) is mainly stemmed from the beating of the components at f2 and f3, and 
the second harmonic comes from the combined beating of the components at f1 and f3, and f2 
and f4. When we increase the injection strength to 40 ns
-1, as shown in Fig. 4(b), the 
components corresponding to f3 and f4 increases, but the components related to f1 and f2 have 
a small reduction. As a result, the power of f3 is close to that of f2, and the microwave power 
is enhanced. It is reasonable to deduct that further increasing the injection strength, the power 
of f3 would exceed the power of f2 and the power of the microwave at the fundamental 
frequency drops. The SHR is dependent on the powers of the fundamental frequency and 
harmonic frequency and both powers vary with the injection parameters. In Fig. 4(b), there is 
a greater increase in the fundamental frequency power relative to that of the second 
harmonic, as a result, there is a slightly drop in SHR from -31.6 dB to -36 dB. In Fig. 3, the 
SHR at the lower injection strength is lower than that observed at the higher injection 
strength and this can be attributed to a reduction in the power of the second harmonic. In Fig. 
4(b2), the fundamental microwave frequency is also shifted to 8.2 GHz and the linewidth 
reduces to 3.6 MHz. When the injection frequency detuning is increased to 15 GHz, as 
shown in Fig. 4(c), the powers of the four frequency components reduce, especially for the 
components of f1 and f4. Therefore, both the powers of the fundamental frequency and the 
second harmonic frequency are reduced and the SHR decreases to 54.8 dB. However, the 
fundamental microwave frequency increases to 17. 33 GHz and the linewidth is 5.7MHz. 
3.2 P1-ocsillation with optical injection and feedback 
Polarization reserved optical feedback is then added to narrow the linewidth of the 
microwave photonic signal in this study. In this section, the injection parameters are the same 
as those in Fig. 4(a). Fig. 5 shows the optical and power spectra of the VCSEL. The case of 
P1-oscilation with single feedback (ξ1=ξ=1 ns
-1, ξ2 =0 and τ1 = τ =5ns) is shown in Fig. 5 (a). 
The linewidth is obviously reduced from 4.2 MHz without optical feedback to 39.6 kHz with 
optical feedback. Fig.5 (a2) also shows many side peaks which correspond to the external 
cavity modes’ frequencies. To quantitatively estimate the sizes of the side-peaks, we define 
the side peak suppression coefficient as the power ratio between the fundamental frequency 
power and the maximum side-peak power. In Fig. 5(a2), the side peak suppression 
coefficient is ~ 36 dB. With double optical feedback, as shown in Fig. 5(b), the linewidth is 
52.9 kHz, which is slightly larger than that with single feedback for this feedback strength, 
but the side peak suppression coefficient is increased to 48 dB. Similar phenomenon has been 
experimentally demonstrated in our previous work [31]. Moreover, except f3, the power of 
the other three frequency components with optical feedback in Fig. 5(a1) and (b1) are also 
increased, which results in an increase of the fundamental microwave frequency power. It is 
worth mentioning that the microwave frequency is also changed with the optical feedback, 
which is similar to the report in [26]. But the frequency shift due to the optical feedback is 
much less than that in [26]. Using the same optical injection parameters used in Fig. 3(a), the 
microwave frequency shifts from 7.55 GHz to 7.565 GHz and 7.578 GHz when the feedback 
strengths are 0.07 ns-1 and 1.65 ns-1, respectively.  
Fig. 6 illustrates the linewidth reduction versus the feedback strength. As we expected, 
with the increasing of the feedback strength, the linewidth manifests a rapidly decrease in 
both the single and double feedback schemes. When the feedback strength is over 1.65 ns-1, 
the linewidth exhibits an oscillating increase. This can be attributed to the VCSEL starting to 
move out of P1 dynamic to the other nonlinear dynamics regimes [as demonstrated by the 
insets of Figs. 6(a) and (b)]. It is noted that there is no evidence of a linewidth difference 
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delays exchange. Obviously, the different delay times between the two feedback loops are 
good for the phase noise suppression. The phase noise can be reduced to as low as 0.0008. 
The result also indicates that some special ratios, such as 1/3, 1/2, 2/3 and 1 should be 
avoided, which are very similar to the case in DFB lasers [21]. 
4. Conclusion 
In conclusion, characteristics of microwave photonic signal generation based on period-one 
dynamic of a VCSEL have been numerically investigated. In this study, the linewidth, phase 
noise, power and second harmonic ratio of the generated microwave photonic signal have 
been investigated in detail. The results show that the microwave signals with a wide range of 
microwave frequency have medium linewidth of ~5 MHz for the scheme with optical 
injection only. When single or double optical feedback is introduced to the VCSEL, the 
linewidth of the generated microwave is significantly reduced. When the feedback strengths 
in two feedback loops are set equally for double optical feedback, the effect of optical 
feedback on the linewidth reduction is not much different from that using single feedback 
with the same total feedback strengths. However, in terms of phase noise suppression, the 
double feedback performs better than single feedback because of side-peak suppression with 
double feedback. The effect of feedback delay time on the characteristic of the generated 
microwave indicates that longer delay time benefits the linewidth reduction. However, for 
single feedback, there is an optimized feedback delay time to obtain a minimum phase noise 
due to the competition of the external-cavity modes. For double feedback, the feedback ratio 
and delay time ratio between the two feedback loops can also impact the performance of the 
generated microwave. According to our results, the closer the feedback strengths from the 
two feedback loops, the lower the phase noise. For the selection of the feedback delay times 
in a double feedback configuration, some special feedback delay time ratios such as 1/3, 1/2, 
2/3, 3/4 and 1 should be avoided to reduce the phase noise.  
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